ABSTRACT The aim of this trial was to study the effect of the corn form fed during the overfeeding period and of the length of the fasting (LF) before slaughter on the performance of overfed mule ducks. A total of 180 ducks were distributed into 9 groups of 20 birds each, according to a 3 × 3 factorial design that differed according to the LF (9, 12, or 15 h) and the ratio of whole corn/corn flour in the overfeeding diet (OD): constant ratio of 30/70 [C diet]; progressive change from 0/100 to 30/70 [P diet]; or constant ratio of 0/100 [F diet]). At the end of the overfeeding period, the birds were slaughtered to measure the weight and chemical composition of the fatty liver. No significant interaction between the OD and LF was observed. The fatty liver weight was higher (+8%; P = 0.031) in the ducks fed the P diet than those fed the F diet. The ones fed the C diet were intermediate (709 g). The fatty liver weight was heavier (+7%) in the ducks slaughtered after 9 h of fasting than in those slaughtered after 15 h of fasting, The weight of fatty liver of birds slaughtered after 12 h was intermediate (711 g; P < 0.05). The foie gras fat loss during cooking (20% vs. 27%; P = 0.003), DM (68.13% vs. 69.3%; P = 0.021), and ash content (0.40% vs. 0.36%; P = 0.010) were lower in the group of ducks slaughtered after 9 h of fasting than in the other 2 groups. In conclusion, the present results suggest that (i) incorporating whole corn in the OD at a constant or increasing rate up to 30% significantly improves the performance of overfed mule ducks, and (ii) the shorter the fasting time is, the greater the weight and the quality of the foie gras will be.
INTRODUCTION
Foie gras, the fatty liver of overfed ducks or geese, is the most valued product resulting from waterfowl production systems. In France, 96% of the production is provided by male mule ducks (CIFOG, 2015) , intergeneric hybrids between male Muscovy ducks (Cairina moschata) and female common ducks (Anas platyrhyncos). Indeed, scientific research and development efforts made over the past 15 yr in the field of genetic selection, nutrition, and breeding practices for mule duck (Huang et al., 2012; Drouilhet et al., 2014) have made it possible to considerably improve the production system, mainly by reducing rearing (70 vs. 98 d) and overfeeding (10 vs. 14 d) periods.
Two parameters are of major importance in the foie gras industry: the weight of the liver and its melting rate. The latter is defined by fat loss during cooking. Melting results in exudation, mainly of lipids, which takes place during the heat treatment. This phenomenon reduces the uniformity of the finished product, its visual and sensory quality, and, consequently, profitability. As a result, market regulations impose a maximum melting rate of 30% (JORF, 1993) .
Many studies have highlighted a link between the technological characteristics of foie gras and the parameters related to the animal (genetic lineage and characteristics) and to the liver (weight and chemical composition), as reviewed by Théron et al. (2013) . However, the perimortem conditions, which can be controlled by the farmer, can induce physiological changes in animals and may also influence the technological quality of the finished products. For example, a period of fasting before the birds are slaughtered ensures a proper emptying of the digestive tract and therefore reduces the risk of microbial contamination of carcasses during evisceration. However, an increase in fasting time before slaughter also reduces the BW, liver weight, and foie gras quality. As an example, previous studies showed that the increase in melting rate can reach up to 6 points in geese (Rousselot-Pailley et al., 1992; Leprettre et al., 1998) and 10 points in Muscovy ducks (Babilé, 1989; Baudonnet-Lenfant et al., 1991) .
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In French foie gras production systems (ducks and geese), corn is the main cereal used in the diets (Guéméné and Guy, 2004) , particularly during the overfeeding period. Its high-energy content, mainly in the form of starch, favors hepatic steatosis (Hermier et al., 1999) . In traditional waterfowl rearing systems, birds were overfed using cooked salted whole corn (70% corn + 30% water) to which a small amount of fat (<2%) was added in order to facilitate the sliding of the grains in the esophagus. Today, in conventional rearing systems, birds are generally overfed using a raw (uncooked) mixture of corn and water where the corn is in the form of flour or a mix of whole grains and corn flour (Guy et al., 1994; Guéméné and Guy, 2004) . Such feeding systems are appreciated by farmers because they are easier and quicker than feeding systems based on whole corn, although Guy et al. (1994) showed that they could reduce foie gras weight and quality. Such detrimental effects could be explained by the link between particles size and gastrointestinal motility observed in poultry (Amerah et al., 2007) . Indeed, the passage rate is faster for finer particles (Nir et al., 1994) , which could reduce the time available for digestion and absorption. Inversely, the use of whole corn could reduce gastrointestinal motility and, consequently, the emptying of the digestive tract and the detrimental effect of fasting on fatty liver weight and quality.
The aim of this work was therefore to study the effects of pre-slaughter fasting time and the corn form in the overfeeding diet and their interaction on the performance of overfed mule ducks.
MATERIALS AND METHODS
The present study was performed in agreement with the French National Regulations for animal care and use for research purposes, and all birds were killed according to European Council regulations (EC, 2009 
Birds and Experimental Design
A total of 180 male mule ducks (Cairina moschata × Anas platyrhynchos) from the commercial line MM-GAS × PKL were provided by Orvia Ent. (Le Pin, Deux-Sèvres, France). From 1 to 84 d of age, birds were reared according to standardized practices, as described by Arroyo et al. (2014) . At the beginning of the overfeeding period on day 85, birds were divided into 9 groups of 20 birds each, according to a 3 × 3 factorial arrangement with: 3 length of fasting time before slaughter (LF: 9, 12, or 15 h) which represent the usual time limits in common practice in industry and 3 ratios of whole corn/corn flour in the overfeeding diet (OD: constant ratio of 30/70 [C diet], progressively increasing the ratio from 0/100 at the first meal to 30/70 as of the eighth meal [P diet], or a constant ratio of 0/100 [F diet]; see Table 1 ). C and F diets were the usual mixture used respectively in short and long food supply chains, P being an experimental intermediate to explore the feed adaptation of duck during the OD. The ingredients and chemical composition of the OD are shown in Table 2 .
During the overfeeding period, between 85 and 95 d of age, birds were housed in 20 collective pens with 9 birds each (3 × 1 m), regardless of the factorial pattern tested. The overfeeding programs ( Figure 1 ) were adapted from Arroyo et al. (2014) . Briefly, except for the first day when they received only 1 meal, the ducks received 2 meals a day. The diets used during the rearing period were manufactured by Sud-Ouest Aliment (Haut Mauco, Landes, France) and the cereals included in the overfeeding mixture were also provided by Sud-Ouest Aliment. The vitamins and mineral premix included in the OD were manufactured by Sanders (Chateau-Gontier, Mayenne, France).
Growth, Feed Intake, and Health Assessment
Birds were weighed individually before the overfeeding period, at day 84 after 18 h of fasting and after the overfeeding period, and at day 95 after 9, 12, or 15 h of fasting, depending on the group. Mortality was recorded daily throughout the experiment. Feed intake was measured individually for each meal during the overfeeding period.
Technological Performances and Measurements at Slaughter
Birds were slaughtered after 9, 12, or 15 h of fasting, depending on the group. Carcasses were eviscerated 20 min postmortem after scalding and plucking. Muscles were sampled as described by Arroyo et al. (2014) . The entire right magret was cut according to commercial standards, and the breast muscle (pectoralis major), skin, and the pecoralis minor were weighed.
After carcass evisceration, the liver was removed and weighed. A commercial grading was carried out by a specialist from the industry (EPLEFPA, Dordogne, France), trained to classify raw foie gras according to its potential commercial use. The livers were graded on a 3-point scale: 1 corresponded to fatty livers with no defects, with appropriate texture, usually used for processing as whole canned livers and having the highest commercial value; 2 corresponded to livers with no defects but that were too heavy to be processed as whole canned livers (>600 to 650 g); and 3 corresponded to livers with numerous defects, either in terms of visual To analyze biochemical composition without destroying the commercial value of liver, reflectance spectrometry measurements were performed directly on the fatty liver surface using a portable ASD Labspec Pro spectrometer (wavelength range: 350 to 2,500 nm) with a "contact probe" module (ASD, Boulder, CO), as described by Marie-Etancelin et al. (2014) . Six spectra were collected for each fatty liver, and the final spectrum was the average of the 6 individual spectra.
A circular slice (diameter: 40 mm) of liver was collected and stored at −20
• C until further biochemical analyses. Before being cooked, the main blood vessels of the liver were carefully removed and a slice of 180 ± 5 g was excised perpendicularly to the long axis of the liver and across the large and small lobes. This sample was placed in a glass container where salt (12 g/kg of liver) and pepper (3 g/kg of liver) were added, and each container was closed and cooked for 1 h in water at 85
• C, under a pressure of 0.8 bars in an autoclave. After 30 min of chilling, the containers were removed from the autoclave and stored at +4
• C. After 2 mo of storage, the containers were opened and the visible fat was removed. The amount of fat lost during cooking was expressed as a percentage of the initial liver weight.
Chemical Analyses of the Diets and the Livers
Particle size in overfeeding diets (Table 3) was measured using successive sieves of decreasing mesh on the dry material (Melcion, 2000) .
The chemical composition of the livers was analyzed using the reference biochemical laboratory methods. Dry matter was determined after desiccation of the liver for 24 h in a drying oven at 103
• C (JOCE, 1971a) and ash content in a muffle furnace at 550
• C (JOCE, 1971b). Nitrogen content was determined according to the Dumas combustion method using the Leco autoanalyzer (model FP-428, Leco Corp., St. Joseph, MI) and converted to protein using 6.25 as a conversion factor.
Lipid content was evaluated using cold chloroform/methanol extraction (Folch et al., 1957 ) on a subset of 17 representative samples. For remaining samples, lipid content values were determined by NIRS prediction based on the previous chemical analyses. Treatment of spectral data and calibration were performed using WinISI (Infrasoft Int., Port Matilda, PA). The first wavelength segment (350 to 1,000 nm) was discarded to avoid models that take color differences not associated with composition differences into account. The last 100 wavelengths (2,401 to 2,500 nm) were also removed due to background noise. Thus, the wavelength range used was 1,001 to 2,400 nm. Calibration equations were obtained using partial least square as regression method.
Calculations and Statistical Analysis
Data were analyzed using IBM SPSS Statistics 22 for Windows (version 22.0, Chicago, IL). For all data, the individual was used as the experimental unit. All the data were analyzed with the GLM procedure using OD (3 levels: C, P, and F diet), LF (3 levels: 9, 12, and 15 h), and their interaction as fixed effects. Means were compared using Bonferroni's multiple range test. Bird mortality and commercial grading of the livers were analyzed using the χ 2 test. Differences were considered significant when P ≤ 0.05.
RESULTS
No mortality was observed during the experiment. No interaction between the OD and LF was observed for any of the parameters studied.
Feed Intake and Growth Performances
Effects of OD. At the beginning of the experiment at day 85, the BW was similar among all treatments (4,564 g; P > 0.05). Despite a similar feed intake during the overfeeding period (8,618 g), at day 95 the ducks fed the F diet were lighter (-2.2%; P = 0.02; Table 4 ) than those fed the C and P diets. Thus, the average weight gain was lower (-7%; P = 0.001) and the feed Table 4 . Effect of the corn form in the overfeeding diet (OD) and the length of the fasting before slaughter (LF) on the performance of ducks during the overfeeding period (85 to 95 d of age conversion ratio was higher (+7%; P < 0.001) in ducks fed the F diet than ducks fed the C and P diets.
Effect of LF.
At the end of the experimental period, at day 95, the ducks slaughtered after 9 h of fasting were significantly heavier (6,597 g) than ducks slaughtered after 12 h of fasting (6,436 g), themselves heavier than those slaughtered after 15 h of fasting (6,320 g; P < 0.001). Thus, the average weight gain was higher (+156 g) and the feed conversion ratio lower (-9%) for ducks slaughtered after 9 h of fasting compared to those slaughtered after 12 h of fasting, which themselves had a higher average weight gain (+116 g) and a lower feed conversion ratio (-7%) than those slaughtered after 15 h of fasting (P < 0.001; Table 4 ).
Performances at Slaughter and Technological Quality
Effects of OD. OD had a significant effect on the fatty liver weight, which was higher (+8%; P = 0.031) in the ducks fed the P diet than in the ones fed the F diet. The animals fed the C diet were intermediate (709 g; Table 5 ). The other characteristics of the liver and the magret as well as the chemical composition of the fatty liver were not influenced by OD (Tables 5 and  6 ; P > 0.05).
Effect of LF. The fatty liver weight was higher (+7%; P = 0.049) for the ducks slaughtered after 9 h of fasting than those slaughtered at 15 h. Ducks slaughtered at 12 h had an intermediate liver weight (711 g; Table 5 ). The foie gras melting rate (20% vs. 27%; P = 0.003; Table 5 ), DM content (68.13% vs. 69.3%; P = 0.021), and ash content (0.40% vs. 0.36%; P = 0.010; Table 6 ) were lower in the ducks slaughtered at 9 h than after 12 or 15 h of fasting. The other quality parameters measured on foie gras, carcass, magret, and pectoralis minor were not influenced by the LF (P > 0.05; Table 5 ).
DISCUSSION
The aim of this work was to study the effects of the corn form in the diet and the length of the fasting before slaughter on the performance of overfed mule ducks. The results showed that (i) an overfeeding diet containing corn in the form of flour only reduced the weight gain of birds and the fatty liver weight, (ii) an increase in LF decreased the weight and quality of foie gras, and (iii) there was no interaction between the 2 parameters.
The BW at slaughter was higher for birds with a shorter fasting time and/or fed whole corn during the overfeeding period. The particle size was greater in OD containing whole corn compared to corn flour, and it is known that particle size influences digestive tract anatomy (Carré, 2000) and reduces gastrointestinal motility (Duke, 1982 (Duke, , 1992 . In general, larger particles are retained longer in the digestive tract than finer particles (Nir et al., 1994) . Thus, birds fed whole corn should have a higher weight of digestive content after fasting and should in turn be heavier. In contrast, a longer fasting time leads to an emptying of the digestive tract and a lower BW at slaughter, as has previously been shown in broilers (Kim et al., 2007) .
The weight of fatty liver at slaughter was higher for birds with a shorter fasting time and/or fed whole corn, whatever the mode of incorporation (constant or progressive), during the overfeeding period. The detrimental effect of using corn flour alone to feed birds during the overfeeding period on the fatty liver is consistent with the results of Guy et al. (1994) . This could be explained by the more rapid transit time of whole corn compared to corn flour (Heuser, 1945) and its consequence on digestibility. Indeed, Lavigne et al. (2015) showed that the type of corn (waxy or standard) could influence the weight of fatty liver because the form of starch (waxy corn is rich in amylopectin, whereas control corn is rich in amylose) influences its digestibility rate. Also, the form of the presentation of corn (whole or in the form of flour) influences its digestibility. The effect of fasting time could be explained by a change in hepatic metabolism during fasting that switches from lipogenesis and energy storage to lipolysis and energy utilization when the energy balance becomes negative during fasting period (Baéza et al., 2013) . This agrees Table 5 . Effect of corn form in the diet (OD) and the length of the fasting before slaughter (LF) on the quality of products from overfed ducks. with previous results (Babilé, 1989; Baudonnet-Lenfant et al., 1991; Lavigne et al., 2015) . Then, the BW was higher when ducks were fed not only with whole corn according to previous studies (Guy et al., 1994) but also with a shorter fasting time (9 h instead of 12/15 h). Similar results patterns were obtained for the liver weight. This suggests that the effect of fasting time could affect liver metabolism particularly gene expression of glucose and lipid metabolism (FAS, GLUT2, etc) in liver as well as in fat (FABP4; Tavernier et al., 2018) .
The melting rate was higher in fatty liver from ducks that fasted longer. Several studies previously revealed that the longer the period after the last meal was, the higher the lipid exudation in fatty liver during cooking would be. For example, Marie-Etancelin et al. (2015) showed that in a batch of mule ducks, the livers of the ones slaughtered first showed a lower melting rate than those of the ducks slaughtered later (-12 points). Additionally, Lavigne et al. (2015) showed that a 4-h increase in the time between the last meal and slaughter increased the melting rate (+10 points). On the opposite, Fernandez et al. (2011) showed that an increase in transport time of mule ducks from the farm to the slaughterhouse (150 vs. 30 min) reduced the percentage of fat lost during the cooking of canned livers (-6 points). Marie-Etancelin et al. (2008) showed that melting rate was higher in heavy fatty liver. Such a positive relation between liver weight and melting rate explains the results of Fernandez et al. (2011) since the fatty liver were higher in ducks having a transport time of 150 min. But in the present study we observed that in the LF groups fatty liver are both heavy and with a low melting rate. Such a result could be explained thanks to research on genetic selection and feeding programs during overfeeding period in ducks in the last 10 yr (Lavigne et al., 2015 , Lo et al., 2017 ) that globally helped reduce the rate of melting in heavy livers.
We observed no interaction between the corn form in the overfeeding diet and fasting time on the performance of male mule ducks. Thus, both phenomena are independent which suggest that the mechanisms underlying these 2 effects are different. Consequently, the use of whole corn could be recommended to partly counteract the detrimental effect of excessive fasting time (> 12 h) on fatty liver weight.
In conclusion, the present results suggest that (i) incorporating whole corn in the OD at a constant or increasing rate up to 30% significantly improves the performance of overfed mule ducks, and (ii) the shorter the fasting time is, the greater the weight and the quality of the foie gras will be.
